Steroid hormones are important for the expression of sexual behaviours in a variety of animals. Specifically, the neural metabolism of testosterone to oestradiol (E 2 ) by aromatase regulates expression of these behaviours in vertebrates, including Japanese quail, midshipman fish, musk shrews, songbirds and mice (1) (2) (3) (4) (5) . In males, inhibition of aromatase blocks normal copulatory behaviours in Japanese quail, and aromatase knockout mice do not display complete sexual behaviour unless given oestrogens (5, 6) . Aromatase is also important for the expression of female behaviours. Inhibitors of this enzyme decrease female canary sex behaviours and aromatisable androgens facilitate copulatory behaviour in female musk shrews (3, 7) .
In most species, aromatase is concentrated in the limbic regions of the brain, including those important for the expression of male specific sexual behaviours such as the preoptic area (POA) and amygdala (AMY), as well as the ventromedial hypothalamus (VMH), which is important for female receptivity (6, 8) . Aromatase is commonly upregulated by androgens and is found in cells that also express androgen receptor (9) (10) (11) . Oestrogen receptors are commonly located in brain regions that express aromatase, although cellular co-localisation varies substantially, suggesting that in at least some areas (such as the POA) autocrine regulation of the enzyme by E 2 is unlikely (12, 13) . Males generally express higher levels of neural aromatase than females (14) (15) (16) (17) . A sex difference in responsiveness to testosterone also exists; the steroid can have a greater effect on aromatase activity and mRNA expression in males than in females (15, 18, 19) . Although expression of aromatase activity has been documented in the reptilian brain (20) , less is known about its distribution, especially in regions that control sex behaviours.
Green anole lizards are seasonally breeding animals, with the breeding season (BS) lasting typically from April to August. Males have higher levels of circulating testosterone than females, and both sexes have increased plasma testosterone during the BS compared to the nonbreeding season (NBS). For example, males during the BS have approximately 20 ng ⁄ ml of testosterone, whereas the mean value in females is < 1 ng ⁄ ml. In both sexes, BS levels of testosterone are at least twice those detected in the NBS (21) . The limbic brain regions that are critical for the display of reproductive behaviours in reptiles are the same as those in mammalian and avian systems. Lesions to the POA and AMY in green anoles impair male sexual behaviours (22, 23) . Although the experiment has not been conducted in this species, lesions to the VMH inhibit receptivity in other female reptiles, including whiptail lizards (24) . Also, as in other vertebrates, testosterone is critical for the display of male sexual behaviours, and E 2 activates receptivity in anoles (25, 26) . Unlike rodents and birds, aromatase is not critical for the expression of male sexual behaviours in green anoles (27) . Experiments in gonadectomised anoles, however, have documented facilitation of sexual motivation in males by E 2 and a role for aromatisation of testosterone in female receptivity (27, 28) .
Aromatase activity is relatively high in tissue containing the POA and hypothalamus compared to other parts of the anole brain (29) . Males have greater whole brain aromatase activity than females, and breeding males have higher aromatase activity than do males during the NBS (30) . Exogenous testosterone increases whole brain aromatase activity only in BS males and has no effect in females, which suggests sexually and seasonally dimorphic regulation of this enzyme in the entire brain (31) . However, specific distributions and relative patterns of expression of aromatase in areas likely to control reproductive behaviours of males and females are unknown.
The present study was designed to test the hypothesis that natural variations in testosterone levels between the sexes and seasons mediate local synthesis of aromatase in the brain. To our knowledge, this is the first study to quantify aromatase expression in three regions controlling sex behaviour of reptiles, examining potential sex and seasonal differences in these regions. We investigated numbers of cells containing aromatase mRNA in areas of the brain that control sexual behaviours (POA, AMY and VMH) under conditions when testosterone normally differs.
Materials and methods

Animals and tissue processing
Adult male and female green anole lizards were purchased from Charles Sullivan (Nashville, TN, USA) during the BS and NBS (April and November, respectively). They were wild-caught and shipped within a few days to our animal facilities, where they were housed individually in 10-gallon aquaria that contained peat moss for substrate, rocks, sticks for climbing, and water dishes. During the BS, animals were kept under a 14 : 10 h light ⁄ dark cycle with ambient temperatures ranging from 28°C during the day to 19°C at night. During the NBS, animals were kept under a 10 : 14 h light ⁄ dark cycle with ambient temperatures ranging from 24°C during the day to 15°C at night. Under these conditions, previous studies have determined that plasma testosterone levels are high during the BS and low during the NBS (21) . Full spectrum and heat lamps were provided above each cage to allow lizards to bask in temperatures 10°C above ambient. Relative humidity was maintained at approximately 70% throughout both seasons. Cages were misted daily with water and the animals were fed crickets or mealworms three (BS) or two times a week (NBS).
After being in the laboratory for 15-24 days, animals were rapidly decapitated, and the brains were frozen in methylbutane and kept at )80°C until processing. At this time, breeding state was confirmed by visual inspection of the reproductive system of each lizard. During the BS, females had thick, convoluted oviducts and at least one yolking follicle, both of which are indicative of high E 2 and reproductive activity. All males had large, wellvascularised testes and milky, thick vasa deferentia, consistent with high testosterone and sperm production. During the NBS, females had small oviducts with no or one tiny (< 1 mm in diameter) yolking follicle, and all males had small, nonvascularised testes and thin, clear vasa deferentia.
Brains were sectioned coronally at 20 lm into four alternate series of sections and thaw-mounted onto SuperFrost Plus (Fisher Scientific, Hampton, NH, USA) slides. Slides were stored at )80°C with dessicant until further processing. All procedures adhered to NIH guidelines and were approved by the Michigan State University Institutional Animal Care and Use Committee.
Cloning of aromatase
Whole brain RNA was extracted from two breeding males. Tissue was homogenised in Trizol (Invitrogen Corporation, Carlsbad, CA, USA), and RNA was separated using chloroform. Then, the RNA was isolated using RNeasy minicolumns (Qiagen Sciences, Valencia, CA, USA) and concentrated using ethanol precipitation. It was reconstituted in diethylpyrocarbonate-treated water and stored at )80°C. RNA was converted into cDNA with the SuperScript III Reverse Transcriptase kit (Invitrogen) in accordance with the manufacturer's instructions, and stored at )20°C until use.
Searches of available databases using a variety of relevant key words did not provide a sequence for aromatase in the green anole genome, which is publicly available but not fully annotated. Therefore, we identified an appropriate sequence by blasting the aromatase cDNA sequence from a whiptail lizard, Cnemidophorus uniparens (NCBI: EU310875) from Dias et al. (32) , to the anole genome using the Ensembl Genome Browser. Primers were designed using the Oligo Analysis Tool program (Eurofins MWG Operon, Huntsvile, AL, USA; Table 1 ) and purchased from Invitrogen. Polymerase chain reactions (PCRs) included one unit of Platinum TAQ High Fidelity DNA polymerase (Invitrogen), 0.2 mM dNTP mixture, 0.2 lM primer mix, 2 mM MgSO 4 , and template cDNA. The PCR reaction went through 40 cycles of 94°C for 15 s, 50°C for 30 s, and 68°C for 1 min. Aromatase was amplified twice using the same primers, first by using cDNA from brain, and then using the PCR product from the first reaction as the template for the second reaction.
The amplicon was cloned as previously described by Zhou and GomezSanchez (33) . Briefly, glycerol stocks of Escherichia coli cells containing pBluescript II Exo ⁄ Mung DNA (Stratagene, La Jolla, CA, USA) were cultured, and plasmids were isolated using Wizard Plus Miniprep kits (Promega, Madison, WI, USA) in accordance with the manufacturer's instructions. Vectors were digested overnight at 4°C with a blunt-end restriction enzyme (EcoRV; New England BioLabs, Ipswich, MA, USA) and purified using the QIAquick PCR Purification kit (Qiagen Sciences). T-overhangs were added to the bluntended plasmid vector using a terminal transferase reaction (Roche Diagnostics, Indianapolis, IN, USA), incubated at 37°C for 1.5 h. The T-tailed vector was repurified, and the A-tailed aromatase PCR product was ligated to the vector using T4 DNA ligase in accordance with the manufacturer's instructions (Promega). One Shot TOP10 Chemically Competent E. coli cells (Invitrogen) were transformed with the ligated vector. The cells were grown on LB agar plates containing 100 lg ⁄ ml of ampicillin and spread with 5-bromo-4-chloro-3-indolyl-b-D-galactosidase (X-Gal). White colonies were selected and grown overnight in LB broth containing 100 lg ⁄ ml of ampicillin. Vector DNA was isolated using Wizard Plus Miniprep kits (Promega), and the sequence of the insert was confirmed in both directions on an ABI 3100 capillary sequencer (Foster City, CA, USA). The 181-bp green anole insert (GenBank HM585359) shared 86.7% identity with the whiptail sequence. The insert was also 88% identical to the aromatase sequences of both leopard geckos and Italian wall lizards, and was 78-82% identical to aromatase in a variety of avian and mammalian species. Vector DNA was then isolated using Wizard Plus Maxiprep kits (Promega), linearised using restriction enzymes (Xho1 and BamH1; New England BioLabs) and stored at )20°C.
In situ hybridisation
Sense (T7) and antisense (T3) probes were transcribed using the Digoxigenin RNA Labeling kit in accordance with the manufacturer's instructions (Roche Diagnostics), which labels RNA with digoxigenin-UTPs. Probes were cleaned using a G50 sephadex bead column before use.
All slides were processed at the same time. One set of slides from each animal was used for the antisense reaction. As a control, another set of slides from one animal from each group was used for the sense reaction. No labelling was detected in tissue exposed to the sense probes. Slides were allowed to thaw and then fixed for 10 min in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (pH 7.4). They were treated with 0.25% acetic anhydrase in triethanolamine-HCl with 0.9% NaCl buffer (pH 8.0). Next, slides were incubated overnight at 55°C in hybridisation buffer (50% formamide, 4 · SSC, 1 · Denhardt's solution, 200 lg ⁄ ml fish sperm DNA, 10% dextran sulphate, 20 mM dithiothreitol, 250 lg ⁄ ml tRNA, 2 mM ethylenediaminetetraacetic acid (EDTA), and 0.1% Tween-20) with 200 ng ⁄ ml probe. The following day, slides were rinsed in 2 · SSC and 0.2 · SSC and then treated with 0.9% H 2 O 2 in maleic acid buffer (pH 7.5) with 0.1% Tween-20 (MABT) for 30 min. They were incubated in a blocking solution of 5% normal sheep serum (Jackson Immuno Research, West Grove, PA, USA) in MABT for 30 min, and treated with 0.5 ll ⁄ ml anti-digoxigenin-AP Fab fragments (Roche Diagnostics, Mannheim, Germany) in MABT. After 2 h, slides were treated with 4.5 ll ⁄ ml NBT and 3.5 ll ⁄ ml BCIP (Roche Diagnostics) in 0.1 M Tris-Hcl and 0.1 M NaCl (pH 9.5) for colour detection. The colour reaction was stopped after 10 min with 1 M Tris and 0.5 M EDTA (pH 8.0).
Aromatase analysis
The slides were examined under brightfield illumination using Stereo Investigator software (MicroBrightfield Inc., Williston, VT, USA) as described by Beck et al. (34) by a user who was blind to the experimental group. Estimates of aromatase expressing cells were determined using the Optical Fractionator function within the POA, VMH and AMY. Both the left and right sides of each region were analysed. After tracing the outline of one side of a brain region in each tissue section in which it existed, the software placed a userdefined grid over each area (POA: 100 · 100 lm 2 , AMY: 40 · 40 lm 
Statistical analysis
The analysis was conducted separately for each brain region. The left and right sides of the POA and VMH did not differ in volume, estimated number of aromatase positive cells or density of these cells (all F < 2.13, P > 0.155). Thus, the average of both sides for these two regions was used for the statistical analyses reported for these brain regions. Within the POA and VMH, two-way ANOVAs were used to compare main effects of and interactions between sex and season. Interactions were further broken down by one-way ANOVAs and pairwise comparisons, as appropriate. Unlike the POA and VMH, paired t-tests indicated that the left and right sides of the AMY differed in the number of aromatase expressing cells (F = 5.45, P = 0.03). Thus, we accounted for side in all subsequent analyses by using three-way mixed model ANOVAs.
Results
We detected aromatase mRNA in a variety of diencephalic and telencephalic areas in the green anole lizard brain, comprosing a pattern very similar to the distribution found in whiptail lizards (32) and red-sided garter snakes (35) .
POA
Similar to previous work using Nissl-stained tissue from other individuals (34), the POA defined by aromatase positive cells was larger in males than females (F = 6.848 P = 0.014, data not shown). There was a trend for males to have more aromatase-expressing cells than females (F = 4.04, P = 0.054; Fig. 1 ). Effects of season and interactions between sex and season were not detected on the number of aromatase-expressing cells (all F < 0.95, P > 0.339). The density of aromatase cells was higher during the BS than the NBS (F = 5.77, P = 0.023; Fig. 1 ). There was no effect of sex or an interaction for the density of aromatase cells (all F < 1.47, P > 0.236).
AMY
Parallel to the analysis of Nissl-stained tissue (34), the volume of this region did not differ among the groups (all F < 2.73, P > 0.116, data not shown). There also were no effects of sex or season on the number of aromatase-positive cells (all F < 0.14, P > 0.713; Fig. 2) . However, the left side of the AMY had a trend for more aromatase expressing cells than the right side (F = 4.18, P = 0.056). Females had a higher density of aromatase expressing cells than males (F = 17.04, P = 0.001; Fig. 2) . A trend for greater density of aromatase cells on the left was also detected (F = 4.19, P = 0.056), as well as a trend for an interaction between side of the brain and season (F = 3.79, P = 0.067). There were no other effects detected on the density of aromatase expressing cells (all F < 2.03, P > 0.171).
VMH
Although Nissl stains show cell bodies throughout (34), we only detected aromatase in the lateral portion of the VMH. Lesions to this portion of the VMH abolished female sexual behaviours in a different species of lizard and thus appears likely to represent the portion of this region important in the control of female reproductive behaviours (24) . Thus, we confined our analysis of the VMH to this region.
The lateral VMH was larger in volume in males than females (F = 4.76, P = 0.041, data not shown). There were no effects detected on number of aromatase cells (all F < 0.07, P > 0.800; Fig. 3) . However, the density of aromatase expressing cells was greater in females than males (F = 9.24, P = 0.006; Fig. 3) . Neither a main effect of season, nor an interaction between sex and season were detected on the density of these cells (all F < 0.35, P > 0.563).
Discussion
This is the first study in anoles and one of the few in reptiles to quantify aromatase expression in three brain regions that are important in the control of sexual behaviours. We document a number of effects of sex and season on aromatase expression in these three areas, with specific patterns differing among them. In the POA, the estimated number of aromatase expressing cells was greater in males than females, and their density was increased in the BS compared to NBS. In the AMY, we found that females had a higher density of aromatase expressing cells than males and detected a trend for more cells with aromatase mRNA on the left side of the brain. Females had a higher density of aromatase expressing cells in the VMH. These results allow us to formulate hypotheses about potential roles and regulation of aromatase within these specific brain regions.
Aromatase in the POA
The increase in aromatase-expressing cells in the POA of males compared to females is consistent with a variety of other vertebrates. Males have more aromatase expressing cells, as well as more activity, in the POA in musk shrews, zebra fish, guinea pigs, Japanese quail, cowbirds and rats (9, 14, 15, (36) (37) (38) . Additionally, parthenogenic whiptail lizards show increased aromatase mRNA in the POA after ovulation, when male-like sexual behaviours occur in these genetic females (32) . Collectively, the data suggest that higher aromatase expression in the POA in males may be important for sex-specific behaviours. In green anoles, this function is likely focused on motivation to display reproductive behaviours because E 2 appears mainly to increase mount attempts (28) .
Consistent with a role of the POA in male sexual behaviour, the volume of this region is sexually dimorphic, determined both from borders defined with Nissl-staining and labelling of aromatase mRNA (see above). Although there were no seasonal differences in the volume of the region or number of cells, we did detect an effect of season on the density of aromatase cells. This increased density of aromatase-expressing cells in the BS compared to NBS is probably a result of subtle differences in aromatase expression and volume that were undetected in our previous analysis. This result does support the idea that aromatase in the POA is important for sexual behaviours. Seasonal differences in aromatase expression have been studied (39, 40) , although relatively few studies have examined both sex and seasonal differences. Male little brown bats have more overall neural aromatase activity than females during the BS, and this activity does not differ between males and females before emergence from hibernation (41) . This is consistent with activity data from green anoles (see above), as well as the results reported in the present study.
Aromatase in the AMY
The lack of effects in aromatase expressing cells as a result of sex and season is consistent with previous studies that have found no differences in aromatase activity between males and females in similar brain areas in Japanese quail, rats and guinea pigs (18, 36) , although male turtles (Chrysemys picta) have higher aromatase activity in this general region than do females (20) . Activity does not necessarily parallel mRNA expression, such that male rats appear to express more aromatase mRNA (represented by silver grains) per cell even though activity does not differ (8, 42) . In the present study, we cannot detect relative quantities of aromatase mRNA in each cell as a result of the constraints of the labelling procedure, which facilitated counting of individually labelled cells. However, that type of analysis could be undertaken in the future. We also found a trend for lateralisation, such that a greater number of more densely packed cells appeared to be present on the left than the right. In other species, morphology and neurochemistry of the AMY is lateralised (43, 44) . However, straightforward hypotheses have not been suggested regarding the roles of these lateralisations, and caution is warranted before speculating based on values that only approach statistical significance.
We found that the density of aromatase cells was higher in females than in males and a trend for lateralisation existed on this measure. Density was calculated from the number of cells and the volume of the region, neither of which differed between the sexes. However, in both the BS and NBS, more cells were present in a smaller volume in females compared to males, on average. The biological relevance of the sexual dimorphism in density is unclear but could reflect an increased need for sensory integration in females (perhaps of courtship cues from males; 45, 46) . Although it is difficult to speculate on whether the trend for lateralisation is associated with a particular function, it is consistent with what we observed for the number of aromatase-expressing cells.
Aromatase in the VMH
The similarity in aromatase expression in the VMH of males and females suggests that it may be important for both sexes. This result differs somewhat from other species, although relatively few studies have examined aromatase distribution in both males and females. For example, more VMH cells express aromatase mRNA and activity is higher in male than in female rats (8, 14, 42) . Male turtles also have more aromatase activity in the entire hypothalamus than do females (20) . However, no sex difference was detected in activity in the VMH equivalent in Japanese quail (15) . Much of the data on aromatase in the VMH represents regional activity rather than quantification of cell number. The former technique does not differentiate between portions of the VMH (lateral versus medial). The analysis of only the lateral portion of this region in the present study may relate to some of the differences with other species. It also is likely to be the reason why we found a novel sex difference in volume compared to earlier work on intact adult green anoles, which quantified the entire VMH (34) . Similar to the present study, however, a larger sample size in gonadectomised animals (some E 2 -treated) did reveal a male-biased sex difference in the volume of the VMH in Nissl-stained tissue (47) .
Although the number of aromatase expressing cells does not differ, female anoles may have proportionally more aromatase in the lateral VMH than do males because the density of aromatase expressing cells is higher in females than in males. This result is consistent with the idea that E 2 production via aromatase in the VMH is important for female receptivity. Similar to the data of the present study, female anoles also express more oestrogen receptor a in the VMH than do males (48) . Thus, locally produced E 2 could have more of an effect in the VMH in females.
Conclusions
Aromatase is expressed in the brain of vertebrates, specifically in the portions that control sexual behaviours. The present data indicate that this pattern holds for green anole lizards. There were more cells that expressed aromatase in the POA of males than in females, and the density of VMH cells expressing aromatase was greater in females. These data follow the idea that aromatase in the POA is important for male specific behaviours, and aromatase in the VMH is important for female specific behaviours. Collectively, the present data considered in the context of those available from other taxa on aromatase suggest evolutionary conservation. However, at least in terms of male sexual behaviour, oestrogens appear to have a larger role in birds and mammals (5, 49) . Because these groups both evolved from reptilian ancestors (50) , investigations in reptiles such as green anoles can elucidate the evolution of mechanisms regulating reproduction. Increasing our understanding of changes in the role of aromatase will be particularly informative.
